Abstract: The viscosity of the liquid Al-Cu-Ni alloys has been studied by means of an oscillating crucible method. The activation energy of viscous flow was estimated from temperature dependences of the viscosity. The analysis of concentration dependence of the viscosity across a section Al 67 Cu 33 -Ni reveals its negative deviation from the linear dependence. Such behaviour of the viscosity coefficient upon additions of Ni into the liquid Al 67 Cu 33 alloy could be caused by change of the interaction parameters between different structural units in the investigated melts.
Introduction
Aluminium-based alloys are of great interest due to their practical use, especially in aircraft industry. It is well known that the addition of 3d-elements to Al effectively improves main physical characteristics of this metal [1] . Furthermore, the addition of rare-earth elements results the better mechanical properties [2] . Therefore, the influence of minor additions of rare-earth elements on other physical-chemical properties of pure Al in liquid and solid states has extensively investigated during the last decade.
The X-ray study of liquid Al-enriched Al 100−x Ni x alloys suggests that strong chemical interactions between Al and Ni atoms change the structure of liquid alloys from a random distribution of atoms to one with shortrange order [3] . This phenomenon was later confirmed in Ref. [4] , on the basis of the viscosity measurements of liquid Al 100−x Ni x alloys. Viscosity is one of the most structure-sensitive transport properties in the liquid state. An anomalous behaviour of this quantity versus concentration and/or temperature could be evidence of the structure changes in the liquid alloys, which affect other properties in the liquid state, as well as the structure in the solid state [5] [6] [7] .
Al-Cu-Ni system belongs to systems with ternary chemical compounds in the solid state [8] . An increasing interest to Al-Cu-Ni alloys over recent years is caused by their use in different applications (medicine, robotics, micro-and nano-electromechanical systems) due to their shape memory properties. These alloys are also interesting due to good superplasticity properties and stress-induced martensitic transformation [9] . According to the phase diagram, Al-enriched alloys consist of two phases: Al 2 Cu + Al 3 Ni, and each of them is the main constituent of eutectic alloys Al 2 Cu + Al and Al 2 Ni + Al [8] .
The Al 2 Cu phase is predominant in the formation of Al-Cu and Al-Cu-based alloys and has the greatest impact on the physical-chemical properties of these alloys. The Al 2 Cu intermetallic compound is also related to ageing processes, important for industrial processes such as properties improvement by means of thermal treatment [10] .
The main goal of this paper is to investigate the impact of minor additions of Ni on the viscosity of the liquid Al 2 Cu. According to the liquidus surface of Al-based Al-Cu-Ni alloys [8] , even at such small Ni additions, the melting temperature of Al 2 Cu significantly increases up to about 1,273 K for 10 at. % Ni (Figure 1 , grey circles correspond to concentrations of the investigated alloys). Therefore, the competition between Al 2 Cu and Al 3 Ni compounds is expected to influence the viscosity in liquid Al-based AlCu-Ni alloys. This relationship between intermetallic compounds competition and the viscosity behaviour has been shown for liquid In-Bi alloys [11] . To the best of our knowledge, the temperature dependence of the viscosity was investigated only for the liquid Al 85 Ni 10 Cu 5 alloy [12] . It was found that the temperature dependence of the liquid Al 85 Ni 10 Cu 5 alloy consists of two parts: a low-temperature area (LTA) in the range between the liquidus point (LP) and 100 K above LP -a high-temperature area (HTA). In this case, the authors of Ref. [12] 
Experimental
The viscosity measurements were carried out using an oscillating-cup viscometer [13] . Samples were prepared by arc melting high purity Al, Cu and Ni (99.99 %) under Ar atmosphere. The sample was placed into a graphite container, which was placed into a steel crucible attached to the torsion wire. The experiments were performed in a helium atmosphere. The temperature was estimated by WRe-5/20 thermocouples. The viscosity was determined with an average error of about 5 %.
The dynamic viscosity was calculated from the logarithmic decrement and the period of oscillations using the modified Roscoe equation [14] :
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where η is the viscosity of the liquid; І is the moment of inertia; δ 0 and δ are the logarithmic decrement of the empty system and of the system with the sample, respectively. Likewise, τ 0 and τ are the period of the oscillations of the empty system and of the system with the sample; R is the radius of the crucible; H is the height of the liquid; ρ is the density of the liquid.
Results and discussion
The viscosity measurements were performed for pure Al 
, where η 0 is a constant; E η is the activation energy of viscous flow; T is the absolute temperature, and R is the ideal gas constant. These fitted parameters were determined using the experimental η values and are listed in Table 1 .
The temperature dependences for liquid (Al 67 Cu 33 )
100−x Ni x alloys, where x = 0, 3, 5 and 10 at. % are shown in Figure 3 . According to the obtained results, the Table 1 . On the basis of the obtained results of viscosity measurements, we cannot confirm or deny, indicated in Ref. [12] , transition in the viscosity behaviour from the HTA to the LTA. Figure 4 shows the concentration dependence of the viscosity by Ni additions to the liquid Al 2 Cu compound at the temperatures 20, 50 and 100 K above the melting point. A small addition of Ni atoms, up to 3 at. %, drastically decreases the viscosity coefficient. Such viscosity behaviour could be attributed to the breaking of Al-Cu bounds by the added Ni atoms. The most probable reason of such atomic reordering is that the strong interaction between Al and Ni atoms results in attempts of Ni to have Al atoms as neighbours, taking electrons to complete the Ni 3d-electron level. It is suggested that these transformations lead to the transition from a more chemically ordered structure to a more homogeneous, and the mean size of chemically ordered clusters is reduced. On the other hand, Ni atoms form Al-Ni micro-regions with chemical short-range order and should also increase the viscosity. However, such tendency is not dominant because of the small number of Ni atoms in the alloy. At the addition of 5 at. % Ni, we observed further decrease of the viscosity.
At the addition of 10 at. % Ni, the viscosity decreases less dramatically in comparison with smaller Ni additions. Such behaviour should be attributed with attempts of Ni atoms to substitute the atoms of Al in short-range chemically ordered clusters. Our suggestion is in agreement with Ref. [4] , where Ni addition to the liquid Al more than 7.5 at. % leads to an increase of the viscosity caused by a contribution of Al 3 Ni or AlNi associates in the liquid Al-Ni alloys. The possible formation of ternary Al-Cu-Ni clusters following increase of Ni in the liquid alloy should be also taken into account.
Several thermodynamic models and semi-empirical equations were developed to evaluate the viscosity of liquid metal alloys. We decided to use two of them in order to investigate the effect of mixing processes by Ni additions to liquid Al 2 Cu compound. Romanov et al. [17] described the viscosity of a liquid multi-component metal alloys using the following equation:
, where η is the viscosity coefficient of liquid; η i and x i are the viscosity and the atomic fractions of the i component, respectively; ΔH is the enthalpy of mixing. The viscosity of liquid Al-Cu-Ni was also estimated using Chhabra's model [18] :
where b 1,i and b 2,i are the fitting parameters of the i component. This empirical equation did not demonstrate any strong correlation between fitting parameters b 1 and b 2 , but it is claimed that this equation gives improved description of viscosity values over the Arrhenius equation [19] . The enthalpy of mixing data were taken from Ref. [20] ; the viscosity values for pure Ni and Cu were taken from Refs. [21, 22] .
The viscosity predictions were performed at 1,200 K and compared with experimental values (Table 2) . Predicted viscosity values by Chhabra's model are in better agreement with the experimental data than predicted values obtained by the Kozlov-Romanov-Petrov approach. However, in contrast to experimental results, the calculated viscosity increases with the addition of Ni. This discrepancy should be connected with the fact that the interaction parameters and the size unit factor are the two main parameters which impact on the viscosity changes. The viscosity values calculated using the Kozlov-Romanov-Petrov approach are higher than experimental values, which is connected with positive contribution of the excess viscosity related to the enthalpy of mixing. It also means that changes in the structure due to the decomposition of one and formation of other structure units have an impact on the viscosity values decreasing (negative contribution of the excess viscosity). At the same time, the enthalpy of mixing values for liquid Al-Ni alloys is more exothermic in the comparison with liquid Al-Cu and Cu-Ni alloys in the investigated concentration range. This could also be evidence of preferred interactions between Al and Ni atoms, which should lead to above mentioned structure transformations.
Conclusions
The measured viscosity of liquid (Al 67 Cu 33 ) 100−x Ni x alloys, containing 0, 3, 5 and 10 at. % Ni, shows the decrease in values with addition of Ni atoms. Such behaviour of the viscosity coefficient is likely caused by the decrease of micro-regions with Al 2 Cu short-range order through the Ni effect and accompanied by structural unit size decrease. On the basis of the obtained viscosity data, it could be suggested that Al atoms have stronger interactions with Ni in the comparison to Cu. By increasing the Ni content in the liquid (Al 67 Cu 33 ) 100−x Ni x alloy, these interactions should be dominant and lead to the formation of Al-Ni-or Al-Cu-Ni-based micro-regions with the short-range chemical order. 
